E ach year, 2 million patients worldwide undergo cardiac surgery. For more than 25% of these patients, the surgery is complicated by myocardial infarction (MI) and/or acute kidney injury, both of which are strongly associated with morbidity and mortality. [1] [2] [3] Preventing MI and acute kidney injury after cardiac surgery would improve survival.
An important cause of MI and acute kidney injury in patients undergoing cardiac surgery is ischemia-reperfusion injury. 4, 5 This type of injury begins as ischemia, which is then exacerbated by a systemic inflammatory response upon restoration of organ perfusion. 6 Remote ischemic preconditioning may mitigate ischemiareperfusion damage. It is accomplished by inducing, before surgery, brief episodes of ischemia in a limb, which lead to widespread activation of endogenous cellular sys tems that may protect organs from subsequent severe ischemia and reperfusion. [7] [8] [9] Small randomized controlled trials evaluating the efficacy of remote ischemic preconditioning have had mixed results. [10] [11] [12] [13] [14] [15] [16] [17] Interpretation of their data is difficult because of small sample sizes and heterogeneity in the preconditioning procedures and patient populations (e.g., few trials have evaluated patients at high risk of organ injury and postoperative death). Whether remote ischemic preconditioning effectively Effects of remote ischemic preconditioning in high-risk patients undergoing cardiac surgery (Remote IMPACT): a randomized controlled trial miti gates ischemia-reperfusion injury therefore remains uncertain. We undertook the Remote Ischemic Preconditioning in Cardiac Surgery Trial (Remote IMPACT) to determine whether this procedure reduces myocardial and kidney injury. We proposed that a large trial to determine the effect on clinically important outcomes would be worthwhile only if a substantial effect on myocardial or kidney injury, or both, were observed in the current study.
Methods

Setting
We conducted a blinded, parallel-group randomized controlled trial comparing remote ischemic preconditioning with a sham procedure in patients undergoing cardiac surgery at 11 centres in 4 countries (Canada, United States, India and China). Before patient recruitment began, the research ethics board at each participating institution reviewed and accepted the protocol (which was first approved by the Hamilton Health Sciences Research Ethics Board), and all participants provided written informed consent.
Patients
Recruitment took place between March 2011 and March 2012. Patients were eligible if they were undergoing cardiac surgery (whether onpump or off-pump), were 18 years of age or older, and were at high risk of postoperative death, as indicated by an additive score of at least 6 with the European System for Cardiac Operative Risk Evaluation (EuroSCORE). 18 Previous research showed that, among patients undergoing valvular surgery, the risk of death for patients in India and China with EuroSCORE values of at least 4 was similar to that for North American patients with EuroSCORE values of at least 6. 19, 20 Therefore, in the current study, eligibility was extended to patients undergoing valvular surgery in Indian and Chinese centres who had a EuroSCORE value of 4 or above. Patients were excluded if an intra-aortic balloon pump was used before surgery.
Randomization and blinding
After obtaining written informed consent, research personnel used a computerized Internetbased randomization system maintained by the coordinating centre (the Population Health Research Institution, Hamilton, Ontario) to randomly assign patients to treatment groups. An independent statistician generated block randomization, with randomly varying block sizes, stratified by centre and by whether the patient received long-term dialysis. Study centre personnel were not aware of the block sizes. Randomization occurred as close as possible to the time of surgery, to reduce the risk of including patients who ultimately did not undergo surgery. Participants, health care providers (surgeons, anesthetists and operating room staff) and outcome adjudicators were blinded to treatment allocation.
Procedures
All centres used centrally supplied sterile, disposable, manually inflated thigh tourniquets (VBM Medical Inc.). After induction of anesthesia and before commencement of bypass (while the graft was being harvested), research staff applied a pneumatic tourniquet to one thigh of the participant (on the opposite side to harvesting) and draped the tourniquet system to prevent operating room staff from seeing whether or not the cuff was inflated. Patients assigned to undergo remote ischemic preconditioning had 3 cycles of tourniquet inflation to 300 mm Hg, to generate 5 minutes of ischemia, between which the cuff was deflated for 5 minutes of reperfusion. Patients assigned to undergo the sham procedure had 3 cycles of tourniquet inflation to 15 mm Hg for 5 minutes, separated by deflation for 5 minutes. Because the study procedure was done during graft harvesting, there was no meaningful effect on surgical workflow. This protocol for remote ischemic preconditioning was chosen because provision of 3 cycles of ischemia has been well studied and appeared effective in previous trials and because leg ischemia has the potential to induce ischemia in a larger mass than arm ischemia and thus may provide a larger preconditioning stimulus.
Samples for determination of creatine kinasemyocardial band (CK-MB) level were drawn 8 and 24 hours after the procedure; the assays were performed at each study centre's local laboratory. Serum creatinine was measured within 1 day before surgery and then each morning daily for 4 days, starting the day after surgery. Patients were followed for postoperative events during their hospital stay and up to 6 months after surgery.
Outcomes
The primary outcome was peak level of CK-MB within the first 24 hours after surgery, expressed as multiples of the upper limit of normal, because this variable is strongly related to postoperative death. 21 The main secondary outcome was the absolute difference between preoperative creatinine level and highest creatinine level during the first 4 days after surgery. We chose change in serum creatinine (a continuous variable) because it has better statistical power than categories of acute kidney injury. Other second-ary outcomes were MI, acute kidney injury, stroke and all-cause mortality up to 6 months after randomization. Within the first 72 hours after surgery, MI was defined as CK-MB at least 8 times the upper limit of normal (≥ 5 times for patients with isolated coronary artery bypass graft [CABG] ), angiographic evidence of vessel occlusion or imaging evidence of new loss of myocardium. Starting 72 hours after surgery, diagnosis of MI required elevation of a cardiac enzyme above the upper reference limit and ischemic electrocardiography changes. In accordance with the Acute Kidney Injury Network classification, we defined acute kidney injury as an increase in serum creatinine of at least 1.5 times or 26.4 µmol/L (0.3 mg/dL), relative to the preoperative value, or initiation of dialysis. 22 Patients who needed dialysis before surgery were excluded from analyses of change in creatinine or acute kidney injury. Stroke was defined as a new focal neurologic deficit thought to be vascular in origin, with signs or symptoms lasting more than 24 hours or resulting in death.
Statistical analysis
We estimated the sample size required on the basis of both peak CK-MB and change in serum creatinine. The sample size for the study was ultimately based on the creatinine outcome, because it required a marginally larger sample size under our assumptions. We assumed a mean change in serum creatinine of 36 µmol/L. Using log-transformed values to normalize these data, we expected a mean change of 2.5 (standard deviation 1.5), with coefficient of variation of 0.9. We considered that a reduction in peak serum creatinine of 25% or greater would be required to improve clinically important outcomes. We therefore needed 114 participants in each arm (228 total) to detect a reduction of at least 25% with 80% power and a 2-sided α of 0.05, using analysis of covariance. For CK-MB, the sample size of 228 participants estimated at least 95% power to detect a between-group difference of 0.4 log-transformed multiples of the upper limit of normal (equivalent to a betweengroup difference of about 10 U/L for mass-based assays), assuming a standard deviation of 0.8 log-transformed units. Calculations were performed with PASS software, version 8.08 (NCSS, LLC). We inflated the recruitment goal to 250 patients to account for potential missing data and the fact that patients with end-stage renal disease at enrolment would not be eligible for assessment of change in creatinine.
We analyzed patient data according to the treatment group to which patients had been assigned, according to the intention-to-treat principle. Data are presented as mean ± standard deviation, median (and interquartile range [IQR]) or number (and percentage), as appropriate. Results are expressed as the remote ischemic preconditioning group relative to the sham group. The CK-MB data were analyzed as multiples of the upper limit of normal, to account for between-centre differences in assays. Differ- ences between groups were calculated by comparing the log-transformed concentrations, to account for the right-skewed distribution.
Patients with no postoperative measurement of CK-MB were excluded from the primary analysis of this variable but were included in a sensitivity analysis using multiple imputation of peak concentration. 23 Change in serum creatinine was computed by analysis of covariance, with preoperative creatinine level and treatment group as covariates and the highest recorded serum creatinine within 4 days after surgery as the outcome. A sensitivity analysis using multiple imputation of missing serum creatinine values was also performed, as were analyses adjusting for history of heart failure and isolated CABG procedures compared with all other procedures, using linear or logistic regression as appropriate. 23 
Results
In total, 128 patients were assigned to undergo remote ischemic preconditioning and 130 patients were assigned to the sham group (Figure 1) . No patients were lost to follow-up. The 2 groups were similar at randomization and had similar operative characteristics (Table 1) , although there were more patients with a history of congestive heart failure, previous cardiac surgery and previous MI in the remote ischemic preconditioning group, and fewer patients in this group underwent an isolated CABG procedure. Of the 258 patients at randomization, 124 (96.9%) in the preconditioning group and 124 (95.4%) in the sham group received the intended treatment as assigned (Figure 1) .
Postoperative data for CK-MB were available for 251 patients (124 in the preconditioning group and 127 in the sham group). The median peak level was 3.5 (IQR 2.3 to 6.7) times the upper limit of normal for the preconditioning group and 3.3 (IQR 2.0 to 5.6) times the upper limit of normal in the sham group (Figure 2 ). The mean difference in log-transformed values was not statistically significant (absolute mean difference 0.15, 95% confidence interval [CI] -0.07 to 0.36). Sensitivity analyses using multiple imputations to account for the 7 patients with missing data for this variable did not alter the results (absolute mean difference in logtransformed values 0.14, 95% CI -0.06 to 0.35). Similarly, sensitivity analyses adjusting for a history of heart failure and type of surgery did not materially change the results (absolute mean difference 0.13, 95% CI -0.09 to 0.34).
Of the 248 patients who did not require dialysis at baseline, data for change in creatinine level were available for 246 (122 in the preconditioning group and 124 in the sham group). The median peak postoperative change in creatinine was 16.9 µmol/L in the preconditioning group and 14.6 µmol/L in the sham group (Figure 3 ). The mean difference in log-transformed concentrations was not statistically significant (absolute mean difference 0.06, 95% CI -0.10 to 0.23). Sensitivity analyses using multiple imputations to account for the 2 patients with missing creatinine data did not alter the results (absolute mean difference 0.06, 95% CI -0.09 to 0.22). Similarly, sensitivity analyses adjusting for a history ; p = 0.4). The groups did not differ significantly with respect to risk of MI, acute kidney injury, stroke or all-cause mortality within 6 months after randomization (Table 2) . Deaths were of similar cause for the 2 groups (cardiovascular cause for 12 of 13 deaths in the preconditioning group and 8 of 9 deaths in the sham group), and timing of deaths relative to surgery was also similar (Appendix 1, available at www.cmaj.ca/lookup/ suppl/doi:10.1503/cmaj .150632/-/DC1).
At 6 months after randomization, serious adverse events had occurred in 33 patients (25.8%) in the preconditioning group and 30 patients (23.1%) in the sham group (p = 0.6). Venous thrombosis occurred in 1 patient in the sham group and no patients in the preconditioning group, and no nerve compression injuries were identified.
Interpretation
In our blinded international trial involving 258 patients at high risk of postoperative MI and acute kidney injury, remote ischemic preconditioning did not reduce peak CK-MB in the first 24 hours or creatinine in the first 4 days after surgery. Although remote ischemic preconditioning appears safe, it yielded no demonstrable benefit in this trial. Given the lack of an effect on these surrogate outcomes, if remote ischemic preconditioning has any patient-important effect on patients undergoing cardiac surgery, it is likely very small.
The effect of remote ischemic preconditioning on cardiac enzymes and kidney function has varied among studies. Some differences may be due to differences in the preconditioning regimen. However, recent meta-analyses have showed reductions in cardiac enzymes irrespective of the preconditioning regimen. 24, 25 Furthermore, our regimen was previously shown to have a biological effect. 26 Some patient populations may not derive a benefit. Patients with chronic intermittent ischemia may be naturally preconditioned (e.g., one-third of our patients had a history of prior cor onary artery disease, compared with 15% in the largest trial suggesting benefit 9 ). Alternatively, the patients in our study were at high risk and undergoing more complicated surgery and may have been subject to intraoperative is chemia-reperfusion injuries exceeding the protective capacity of remote ischemic preconditioning. Finally, other medications or conditions used frequently in cardiac surgery may mitigate the effects of preconditioning. 27 If so, however, the added value of remote ischemic preconditioning in cardiac surgery is highly questionable.
Remote ischemic preconditioning may not be effective, and the results from prior trials may simply represent false-positive findings. Indeed, meta-analyses of this procedure in cardiac surgery have suggested that the reduction in release of cardiac enzymes was small, with standardized mean differences ranging from -0.28 to -0.3. 24, 25 Recent trials have suggested reduced mortality and reduced rates of acute kidney injury, 28,29 but these results are based on few events, and the estimated effects are likely to be unstable. 30 Recent larger trials and the cumulative evidence in meta-analyses updated for recent trials, The effects of remote ischemic preconditioning on acute kidney injury are uncertain (Appendix 4, available at www.cmaj.ca/lookup/suppl/ doi:10.1503/cmaj.150632/-/DC1). 34 However, amelioration of acute kidney injury, indicated by a small rise in serum creatinine, has not led to improvements in patient-important outcomes with other interventions in cardiac surgery. 35 Note: CI = confidence interval, RIPC = remote ischemic preconditioning, RR = relative risk. *Excluding patients who underwent preoperative dialysis. Sample sizes for this outcome were 122 patients in the RIPC group and 124 patients in the sham group. Mild = increase in serum creatinine of 150% to 200% or increase of at least 26.4 µmol/L; moderate = increase in serum creatinine of greater than 200% up to 300%; severe = increase in serum creatinine greater than 300% or increase to level greater than 354 µmol/L, with an acute increase of at least 44 µmol/L, or need for acute dialysis. 22 These are mutually exclusive categories, and the most severe category that a patient fulfilled was used. Although it is impossible to rule out an effect of preconditioning on patient-important outcomes, a substantial effect seems improbable. The clinical benefits from preconditioning in cardiac surgery would be reliably apparent only if very large trials were conducted. Such trials are estimated to require more than 7500 high-risk participants, whereas the total number of participants in trials of this therapy to date is about 5500, with only a minority having high risk.
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Limitations
These results must be considered in light of the study's limitations. Our trial was not large and may have been underpowered to reliably detect a difference in CK-MB or creatinine level. Indeed, we expected a greater change in creatinine (by a factor of almost 2). Although the observed change in and distribution of creatinine were smaller than anticipated, the change in and distribution of CK-MB were as predicted and provided adequate power to detect a modest treatment effect. It is also possible that imbalances in baseline risk due to chance confounded our results. For example, there were more isolated CABG procedures and fewer patients with a history of heart failure in the sham group, which may have resulted in lower mean changes in CK-MB and creatinine relative to the preconditioning group. An imbalance in baseline risk would need to be large to mask a large benefit, and such a large imbalance in risk is not supported by our adjusted sensitivity analyses or the observed balance in the EuroSCORE, an overall marker of prognosis.
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Conclusion
These results suggest that remote ischemic preconditioning is unlikely to have an important effect on myocardial or kidney injury in patients at high risk of complications after cardiac surgery. Although it is possible that preconditioning improves patientimportant outcomes, current data do not support its use in cardiac surgery, and small trials suggesting an effect should be regarded with caution.
